We compared lymphocyte subsets and cytokine responses to bacteria among term, preterm infants, and adults. Lymphocyte subset percentages in cord blood (22 preterm, 27 term neonates) and peripheral blood from 21 adults and cytokine/chemokine interleukin (IL)-6, IL-8, IL-10, IL-12, interferon gamma (IFN gamma) responses to Escherichia coli, group B Streptococcus (GBS), Staphylococcus epidermidis, and Lactobacillus plantarum (Lp299v) were assessed by flow cytometry. Preterm compared with term infants had increased CD8 þ T cells (p ¼ 0.02) and reduced naïve CD4 þ T cells (p < 0.0001). Memory T and natural killer (NK) T cells were reduced (p < 0.001) in neonates; NK and CD56 þ 161 þ NK cells were increased (p < 0.001). CD56 þ CD8 þ NK cells were higher in preterm compared with term infants. Despite individual exceptions, cytokine responses in neonates were weaker than adults except for IL-8 response to E. coli in preterm and IL-12 response to Lp299v in term infants. IL-10 responses were weaker in preterm (p ¼ 0.01) and term (p ¼ 0.005) infants to S. epidermidis and to E. coli (p ¼ 0.03 for both) compared with adults. Differences in regulatory subpopulations of NK and T cells between neonates and adults and term compared with preterm infants were observed. These differences rather than intrinsic functional deficiency may account for neonatal cytokine responses to bacteria.
with term infants, suggesting that the last month of gestation is a critical culminating period for maturation of the immune system. 3, 6 Innate immune impairment in the neonate is marked by quantitative and qualitative neutrophil defects, reduced complement levels, deficient chemotaxis and phagocytosis during the first 2 weeks of life, and lack of adaptive immunity is reflected in the absence of memory T cells, low production of immunoglobulin (Ig) G, IgA, and IgE production by newborn B cells. [7] [8] [9] [10] The neonatal T-cell population is characterized by a decreased memory T cells expressing the CD45RO isoform and increased naïve T cells expressing the CD45RA isoform compared with adults. 11 The successful use of cord blood stem cells for transplantation and lower risk of inflammatory states in the recipient such as graft-versus-host disease have been attributed to the developmental immaturity of T-cell populations and to the presence of unique cell populations, which may regulate these responses. [12] [13] [14] [15] [16] Hematopoietic and immune cells in neonatal cord blood have been compared with those in adult bone marrow and peripheral blood and suggest that the distinctive differences in cord blood provide important information relevant to early postnatal host defense. 17, 18 The initial development of both innate and adaptive immune responses and immune cells occurs in the context of postnatal commensal microbial colonization and exposure to environmental antigens when neonates are more vulnerable to microbial pathogens. 1, 2 Maturation of adaptive immunity involves a shift in peripheral immune response to a T-helper type 1 cytokine response characterized by production of interleukin (IL)-12 and interferon (IFN) gamma from a prenatal T-helper type 2 cytokine pattern in which higher levels of IL-4 are produced. 7, 19 This is a gradual process, and at birth neonates are dependent upon innate immunity mediated by tumor necrosis factor a, IFN gamma, IL-12, and IL-6 initiated by bacterial antigen binding to Tolllike receptors. Increase in chemokine IL-8 levels promotes the extravasation of blood neutrophils into tissue in response to infection. We have recently found that the neonatal monocyte cytokine response to microbial activators is fundamentally different when compared with adults. The proportion of neonatal monocytes producing cytokines to bacterial activators was lower in both preterm and term infants compared with adults, 20 and in a parallel study using the same activators, we found that levels of some secreted proinflammatory cytokines were increased compared with adults. 21 The objective of the study presented here was to evaluate overall differences in lymphocyte subpopulations in healthy term and preterm infants including memory and naïve T-cell subsets and to assess intracellular lymphocyte cytokine responses to clinically relevant bacteria compared with adults.
MATERIALS AND METHODS

Study Population
Healthy term and preterm neonates eligible for study were enrolled. The Institutional Review Board approved the protocol, and informed consent was obtained. Peripheral venous blood was also collected from healthy adult volunteers. Neonates born before completing 36 weeks of gestation were considered preterm. Exclusion criteria were: genetic syndromes, Apgar score of less than 5 at 5 minutes, clinical and/ or pathological evidence of chorioamnionitis, rupture of membranes for more than 24 hours, and confirmed early onset sepsis. Within the preterm group, there were four sets of twins and four infants less than 1500 g (VLBW), including one set of twins. Complications during delivery were premature labor for the VLBW twins and preeclampsia and gestational diabetes for one singleton preterm infant. Our hospital has an active in vitro fertilization center. Cord blood samples were collected from the fetal side of the placenta immediately after delivery and placed in coated (sodium heparin) tubes. Blood was maintained at room temperature and processed within 12 hours of collection.
Bacterial Isolates
A clinical isolate of each of the following: group B Streptococcus (GBS), Escherichia coli, and Staphylococcus epidermidis associated with bacteremia and clinical signs of sepsis in a neonate were identified by the Clinical Microbiology Laboratory using standard biochemical techniques. Lactobacillus plantarum 299v (Lp299v) was isolated from healthy intestinal mucosa and was patented by Probi, Inc. (Lund, Sweden). Lp299v was initially provided by Probi in a freeze-dried, fermented oatmealbased medium. An inoculum of a single colony was grown in rugosa broth culture after streaking for single colonies on rugosa plates, to $10 9 colony-forming units (CFU)/mL in the mid log phase. Cells were harvested, washed, and heat inactivated at 758C for 30 minutes. The other microorganisms were grown from a single colony to a mid log phase (optical density 600 nm ¼ 0.4 to 0.5) in tryptic soy broth, heat-killed for 10 minutes at 1008C, aliquoted, and kept frozen until use. Twenty-microliter aliquots, containing $10 4 CFU of heat-killed bacteria, were diluted used for stimulation of cord and adult blood cells in culture; 10,000 CFU/mL was found to be best for eliciting cytokine secretion in cord blood and gave maximal responses, as we previously reported. 20, 21 Immunophenotyping Whole blood (100 mL) was incubated with monoclonal antibodies directed against cell surface lineage and other antigens for 15 minutes at room temperature in the dark (RTd). Combinations of markers used were to identify distinct lymphocyte subsets by three-color flow cytometry: CD45/CD14 (leukogate); isotype; CD45RA/ CD4/CD8; CD45RO/CD4/CD8; CD3/CD161/ CD56; CD4/CD62L/CD45; CD18/CD11b/CD45; CD8/CD56/CD3; CD3/CD56/CD4. All antibodies were directly conjugated to the fluorochromes, fluorescein isothiocyanate (FITC), R-phycoerythrin (PE), or PE-Cy5 (BD Biosciences, San Jose, CA). After staining, 2 mL of FACS lysing solution (BD Biosciences) were added to 100 mL of blood; samples were vortexed gently and incubated at RTd for 10 minutes, centrifuged, and supernatants were aspirated. Cells were then washed with phosphate-buffered saline (PBS; CellGro, Sacramento, CA). After centrifugation and aspiration, samples were fixed (1% paraformaldehyde in PBS). Data are presented as percentage of gated lymphocytes expressing the markers that together define the subset of interest.
Culture and Stimulation of Cells
Fresh umbilical cord blood from neonates and adult peripheral venous blood was diluted 1:4 with RPMI 1640 with 25 mmol/L HEPES buffer (Atlanta Biologicals, Norcross, GA), 40 IU/mL of penicillin, and 40 mg/mL of streptomycin (Gemini Bio Products). One-milliliter aliquots of diluted heparinized whole blood were stimulated with a 20 mL aliquot of RPMI 1640 (negative control) or heat-killed bacteria: GBS, E. coli, S. epidermidis, and Lp299v in six-well multiwell plates. Brefeldin A (Sigma, St. Louis, MO) at 10 mg/mL was added to inhibit cytokine secretion. After 18 hours in a 378C in a humidified incubator with 5% CO 2 , cultures were then stained with intracellular cytokine assay staining.
Intracellular Cytokine Flow Cytometry Assay
Blood (100 mL) was incubated with monoclonal antibodies (Mabs) to surface markers for 15 minutes at RTd. Mabs directly conjugated to FITC or PE-Cy5 (BD Biosciences) were used. Two milliliters of FACS lysing solution (BD Biosciences) was added and incubated at room temperature for 10 minutes, centrifuged, and supernatants aspirated. Cells were washed with PBS with 0.5% fetal bovine serum. For cytokine staining, 500 mL of FACS permeabilizing solution (BD Biosciences) was added and cells were incubated at RTd for 10 minutes, again washed, centrifuged, and PE-conjugated Mabs to IL-6, IL-8, IL-10, and IL-12 were added (BD Biosciences). After incubation at RTd for 30 minutes, cells were again washed, supernatants were aspirated, and 500 mL of fixative solution (1% paraformaldehyde in PBS) was added. Flow cytometric analysis was performed with a FACSCalibur flow cytometer (BD Biosciences) using Cell Quest and FlowJo software. Two hundred thousand total events were collected. Gate purity was established with CD45/CD14 and fluorescence back-gating. Three-color assessment of cytokines was performed after gating using CD markers of interest to define the populations. Data were analyzed by histogram overlay of activated and nonactivated cells. Data are presented as percentage of the identified gated population and as geometric mean fluorescence. Geometric mean corresponds to fluorescent intensity and this is a relative number.
Statistical Methods
Infants were enrolled into the study over a 10-month period. All samples with sufficient volume for the protocol were studied. Means, standard deviations, and interquartile ranges were evaluated for phenotype percentages and cytokine response, which was assessed as percentage of activated cells in the population of interest and as geometric mean fluorescence. The Kruskal-Wallis test was used to determine if there was a statistically significant difference across the three study groups (adult versus term versus preterm) with respect to percentage of each lymphocyte subset and cytokine responses to bacterial antigens compared with control measured as geometric mean fluorescence and percentage of cytokineproducing lymphocytes within each gated population as defined by surface expression of selected lineage markers and intracellular cytokine expression. If significant differences were found at the 0.05 level, a series of Tukey post hoc tests using analysis of variance were performed to determine which pairs were significantly different.
RESULTS
A total of 49 neonates, 22 preterm and 27 term (27 males and 22 females), were enrolled in the study as shown in Table 1 . Leukocyte subsets and T-cell and natural killer (NK) cell cytokines/ chemokine responses were compared with 21 adult controls (11 males and 10 females). One preterm infant had pathological evidence of chorioamnionitis and a positive blood culture at birth and was therefore excluded from the study. This infant produced high levels of all measured inflammatory cytokines spontaneously at birth (data not shown). Within the preterm group, there were four sets of twins and four infants less than 1500 g including one set of twins. The subset data were examined for concordance and discordance in the twins. The range of subset percentages in the twins was similar to that of the singleton population. The VLBW twins showed somewhat more discordance between themselves than the other three sets of twins for percentages of immune cell subsets, although all of the twins showed substantial discordance at one or more major subset of T cells
T-Lymphocyte Subsets
Data in Table 2 show specific comparisons of adults with neonates and term with preterm infants after determination of statistical significance across all study groups by the Kruskal-Wallis test as described here. The total percentage of CD3 þ T cells varied significantly across the groups (p < 0.001) and was lower in neonates compared with adults and in both term and preterm infants compared separately to adults (p < 0.0001 for all comparisons), but was not different between term and preterm infants. The percentage of CD3 þ CD4 þ Thelper cells also showed a significant difference across all groups (p ¼ 0.002) and was significantly lower in the combined neonatal groups compared with adults. However, only the term group's T-helper cells were significantly lower than adults (p ¼ 0.0004), and the level was also somewhat reduced compared with the preterm group. See Table 2 . The CD3 þ CD8 þ effector T-cell population varied across the groups (p ¼ 0.0002) and was lower in term but not preterm infants compared with adults (p < 0.0001). When compared with preterm infants, term infants had a lower level of CD8 þ T cells. Study of the memory and naïve subsets within both CD4
þ and CD8 þ T-cell populations revealed further differences. Both CD4 and CD8 memory T cells varied significantly across groups (p < 0.0001 and p < 0.001, respectively) and were significantly reduced in neonates compared with adults but were not different between term and preterm infants as shown in Table 2 . However, for both CD4 and CD8 naïve T cells, preterm and term infants were distinctly different. Initial overall comparison of naïve CD4
þ T cells across all groups showed a highly significant difference (p < 0.0001).
CD4
þ naïve T-cell percentages were lower in preterm infants compared with adults (p ¼ 0.002). In contrast, CD4 þ naïve T cells showed a trend toward increase in term infants compared with adults (p ¼ 0.07). As shown in Table 2 , preterm neonates showed a strikingly lower percentage of CD4 þ naïve T cells compared with term infants. Among the four twin sets, two sets including the VLBW twins were concordant for low percentage of CD4 þ naïve T cells less than 5%, one set had high levels greater than 10%, and one set were discordant (3.8%, 11.3%). Naïve CD8 þ T cells were also different across groups (p < 0.0001) and, as shown by pairwise comparisons, were higher in infants compared with adults and higher in term compared with preterm infants. Term infants had more naïve CD8 þ T cells than adults (p ¼ 0.0001), although there was no difference between preterm infants and adults.
T cells expressing CD3 and CD161 (NKR-P1A), a homodimeric C-type lectinlike receptor, were also assessed. 22 These cells account for $20% of the total CD3 þ population in normal adults and include CD4 À CD8 À (double negative) as well as CD4 þ and CD8 þ T cells. 22, 23 Overall differences across groups 
þ T cells were higher in preterm compared with term infants but were lower for each neonatal group compared separately to adults (p < 0.0001 for both) and lower when neonates were compared with adults as a combined group as shown in Table 2 . Table 2 .) Preterm and term infant NK cell levels were not different from each other. NK cell subsets coexpressing CD56 and CD161 or CD8 and CD56 also showed significant differences across groups (p < 0.0001 and p ¼ 002, respectively) and were further examined. CD56 þ CD161 þ cells were increased in the combined neonatal groups compared with adults as shown in Table 2 and also when studied separately (p ¼ 0.002 for preterm and p < 0.0001 for term infants) but were not different between the two neonatal groups. In contrast, CD8 þ C56 þ lymphocytes were significantly higher in term compared with preterm neonates (Table 2 ) or to adults (p ¼ 0.002), and preterm infant levels were not different from adults. NK T cells varied across all groups (p < 0.0001) and were highly reduced in the neonatal groups studied as a combined group or examined separately compared with adults (p < 0.0001 for each), but were not different from each other.
NK Cell Populations
CD3 À CD56 þ NK cell percentages were significantly different across groups (p ¼ 0.006), and further analysis showed that NK cells were increased in both term (p ¼ 0.006) and preterm (p ¼ 0.04) infants compared separately or together with adults. (See
Adhesion Molecule Expression
Expression of CD18/CD11b on lymphocytes but not on monocytes or granulocytes varied across the study groups (p ¼ 0.02). Preterm levels were not different from adults, although term levels were higher (p ¼ 0.02) and the combined levels of neonates were higher compared with adults as shown in Table 2 .
Effect of Bacterial Antigens on T-Cell and NK Cell Cytokine/Chemokine Responses
Whole heat-inactivated organisms were used to approximate physiological conditions in which multiple antigens on the intact bacterial cell surface are presented to the host. We used the same number of heat-killed bacterial cells and the same dilution of blood in parallel assays for all studies. Initially we performed comparative kinetic studies of intracellular cytokine response after both 4 and 18 hours of culture. As stronger responses were generally seen at 18 hours and were similar to levels at 4 hours for those neonates with strong 4-hour responses, we chose to use the 18-hour culture period. This culture period would support observation of the developing T-cell response as well as NK cell cytokine response although not secondary responses derived from the action of monocyte cytokine secretion as in the intracellular cytokine response secretion is blocked by addition of Brefeldin A. The production of IL-6, IL-8, IL-10, IL-12 by T cells and the production of IFN gamma by NK cells was examined in the groups as shown in Table 3 .
E. COLI
When compared with the unstimulated culture condition, E. coli induced significant T-cell production of IL-8 (p < 0.0001), IL-10 (p ¼ 0.05), and NK cell production of IFN gamma (p < 0.0001) in adults as shown in Table 3 . In contrast, in the neonatal groups, E. coli only induced significant IL-8 production in the preterm group's T cells (p < 0.0001) but not in term T cells. We also evaluated the frequency of individual responders in the neonatal groups compared with adults. We defined response as positive when the percentage of cytokineproducing lymphocytes in the gated population was equal to greater than or 5% if, in addition, this percentage was also at least 2.5 times greater than the percentage of the same population spontaneously producing the same cytokine in the matched, unstimulated (control) culture. Data showing relative numbers of responders are summarized in Table 4 . When there were three or more responders for a determination within neonatal or adult group, we compared the mean stimulated response of the responder subgroup to the matched control, unstimulated cultures' cytokine production. Significance was determined by paired t test. Although $50% of the preterm group produced IL-8 in response to E. coli (mean response 7.6% AE 2.2% compared with background less than 2%, p < 0.01), there were no IL-10 or IL-6 responders. Two preterm infants showed positive T-cell IL-12 responses (5%, 18%). E. coli induced less than 20% of preterm NK cells to produce IFN gamma (14%, >50%). Among term infants, 55% showed a T-cell IL-8 response to E. coli (mean: 10% AE 2.5% compared with 2% unstimulated, p < 0.01). In addition, 45% of the term infant group produced a significant T-cell IL-12 response (mean 8.8% AE 2.2%, p < 0.01) compared with their unstimulated cytokine response. E. coli activated responses in 27% of term infants' NK cells to produce IFN gamma (mean: 19% AE 5.7%, p < 0.05). In contrast, all of the adult responder subgroup differences were significant as shown in Table 4 .
GBS
Among adults, GBS induced significant T-cell production of IL-12 (p ¼ 0.03) and NK cell IFN gamma (p < 0.0001) as shown in Table 3 , whereas no overall group responses were induced in neonatal T cells or NK cells. Within the preterm infant group, there were also no individual infant T-cell IL-6, IL-8, or IL-10 and rare IL-12 responses to GBS. However, 33% of preterm infants produced a T-cell IFN gamma response to GBS (range of response: 12 to >50%, mean 34.1 AE 33.9 compared with a 2.7% background that was not significant due to wide variation and small sample size) and more than 35% produced an NK cell response ranging from 11% to more than 60% of the NK population (mean 25.6% AE 21.1% compared with 2.4% background, p < 0.08) as shown in Table 4 . Among term infants, there were no IL-6, IL-8, or IL-10 responders and less than 20% showed an IL-12 response. T-cell and NK cell IFN gamma responses were rare.
S. epidermidis
S. epidermidis activated T-cell production of IL-10 (p ¼ 0.0003) and IL-6 (p ¼ 0.004) and showed a trend toward a significant NK cell IFN gamma response (p ¼ 0.08) in adults, but no group responses in neonates as shown in Table 3 . Data for one preterm infant and a normal adult control are shown in Fig. 1 . Among preterm infants, individual T-cell IL-8 and IL-12 responses were rare and no IL-6 or IL-10 responses were observed. About 29% of preterm infants showed T-cell IFN gamma responses to S. epidermidis ranging from 13% to more than 50% of CD3 þ T cells, (mean 33.7% AE 26% compared with 2.6% background). The differences were not significant due wide variation in response and small group size. NK cell IFN gamma responses were similar. Among term infants, more than 30% showed T-cell IL-8 responses (mean 20.2% AE 27% compared with 2% background) but were not significant due to small group size and wide variation. More than 25% had IL-12 responses to S. epidermidis (mean: 11.0% AE 2.9%, p < 0.01). IL-6 responses were rare, and IL-10 responses were absent. Positive T-cell IFN gamma responses to S. epidermidis were seen in 20% of term infants but were not significant in the responder group as a whole, and the NK IFN gamma response, although similar, varied less (12.1% AE 2.6%) and was significant (p < 0.05).
Lp299v
Lp299v did not activate T-cell or NK cell responses in adults as a group but did activate IL-12 response in term neonates as a group (p ¼ 0.05) as shown in Table 3 . In contrast, as shown in Table 4 , numerous cytokine responses were significant in the responder subgroups, including adult controls. Lp299v activated $20% of preterm infant T-cell IL-8 responses (mean: 5.5% AE 0.4%, p < 0.09). IL-6 and IL-10 responses were absent. IL-12 and T-cell IFN gamma responses occurred in less than 15% of preterm infants. NK cell IFN gamma responses were observed in 20% of preterm infants and ranged from 14% to more than 50% (mean 17.6% compared with 2.4% background) but were not significant with respect to the subgroup. Among term infants, Lp299v activated 33% of term infants' T cells to produce an IL-8 response (mean: 17.4% AE 10%, p < 0.05). Among term infants, more than 33% produced IL-12 (mean: 9.7% AE 5%, p < 0.05) in response to Lp299v. There were no IL-10 or IL-6 responders. NK IFN gamma responses and T-cell gamma IFN responses were rare among term infants.
Three sets of preterm twins were studied for cytokine responses. Two sets of twins that were not VLBW had discordant cytokine responses. One set of preterm infants (not the VLBW set) showed significant monocyte but no T-cell production of IL-6, a possible sign of response to occult infection. One of these twins showed a very strong response to GBS. The other two sets including the VLBW set did not show spontaneous monocyte IL-6 production. The VLBW twins both showed a moderate positive T-cell IL-8 response to E. coli, and one twin showed a very strong IFN gamma T-cell and NK cell response to GBS, although the other had a negative response. There were no other notable responses. No clear pattern emerged from this aspect of the investigation.
Comparison of groups was notable for the overall differences in IL-10 response to S. epidermidis across groups (p ¼ 0.001), and pairwise differences were shown when adults were compared with preterm (p ¼ 0.005) and term (p ¼ 0.004) infants separately. The T-cell IL-6 response to S. epidermidis also showed overall group differences (p ¼ 0.01). This response was weaker in both preterm infants (p ¼ 0.04) and term infants (p ¼ 0.02) compared with adults. T-cell IL-10 responses to E. coli varied significantly across groups (p ¼ 0.03) and were significantly stronger in adults compared with preterm (p ¼ 0.03) but not to term infants. NK cell IFN gamma response to E. coli was also different across groups (p ¼ 0.0008) and were significantly stronger in adults compared with both preterm (p ¼ 0.002) and term infants (p ¼ 0.01). In addition, IFN gamma response to GBS showed a trend toward significance over all groups (p ¼ 0.06), but there were no significant pairwise differences.
DISCUSSION
Previous investigations have compared immune cell subsets in term neonates to adults, but inclusion of preterm infants has been rare. 24, 25 Our studies show that T-cell and NK cell populations differ significantly in healthy preterm compared with term infants. Although CD3 þ T-cell levels were similar in neonates and lower than in adults, term compared with preterm infants showed lower levels of both CD4 þ and CD8 þ T cells. The percentage of CD3 þ T cells was $10% higher than we reported previously for preterm infants less than 1300 g using isolated mononuclear cells rather than the whole blood method. 26 Preterm and term infants showed no differences in memory T cells and were highly reduced compared with adults, as described by others. 27 The overall increase in naïve CD45RA þ T cells in neonates has also been reported previously. 11 We made the novel observation that CD4 þ naïve T cells were strikingly reduced in preterm compared term infants. T cells that are positively selected in the thymus express CD45RO, switch to CD45RA upon emigration to the periphery, and then switch back to CD45RO after antigen encounter. [28] [29] [30] Canto et al have shown that CD4 þ naïve T cells in cord blood, unlike adults, initiate proliferation rapidly after T-cell receptor engagement in absence of costimulatory signals or IL-2, and then undergo apoptosis. 31 Others have described a burst of short-lived response to activators such as microbial antigens that leads to apoptosis. 32 The naïve CD4 þ Tcell population can include naïve CD4 þ CD45 þ RA regulatory T-suppressor cells that occupy $10% of the population. 33, 34 We report here for the first time that the NK cell receptor, NKR-P1A (CD161), is expressed on a large population of lymphocytes in cord blood, predominantly NK cells. We found that neonatal NK cells coexpressing CD161 and CD56 were highly increased compared with adults and that NK cells expressing both CD56 and CD8 were more prevalent in term compared with preterm neonates. Previous investigators have observed that neonates have increased NK cells compared with adults, as we report here, 16, 35 but did not find differences related to gestational age.
25
CD161 is a c-type lectin receptor that is expressed early in NK cell development.
36 CD161 is also expressed on a subset of CD3 þ T cells including CD4 þ and CD8 þ T cells but not on B cells, monocytes, or granulocytes and is expressed early during ontogeny. 22 CD161 þ T cells accumulate in the liver and intestine and may be the counterpart of murine natural T cells. 37, 38 As shown here, CD161 þ
CD3
þ T cells were higher in preterm compared with term infants but were lower in both groups compared with adults. In adults, CD161 þ T cells consist mainly of effector and central memory T cells that secrete high levels of cytokines and show strong proliferation after stimulation in vitro. 39 The ligand for CD161 has been identified as the lectinlike transcript 1 (LLT1). When LLT1 is expressed on target cells, engagement of CD161 led to inhibition of NK cytotoxicity and IFN gamma response, but in the presence of the T-cell receptor, the IFN gamma response was enhanced. 40 A recent study has shown that CD161 is a novel surface marker for human Th17 cells and demonstrated that the origin of these cells is a CD161 þ naïve CD4 þ T-cell progenitor found in cord blood and postnatal thymus. 41 We previously reported that CD4 þ CD62L þ T cells were reduced in low-birth-weight infants with respiratory distress syndrome who later developed bronchopulmonary dysplasia. 42 Because we show here that both term and preterm healthy neonates had similar mean percentages of CD4 þ
CD62L
þ T cells, we speculate that extravasation into the lung may be responsible for the reduction of this population in peripheral blood in those infants with respiratory distress syndrome who were beginning to develop bronchopulmonary dysplasia. The pathogenic E. coli that we used here to study T-cell and NK cell response was also the most potent stimulator of neonatal monocyte cytokine responses compared with the other bacterial activators in our previous study. 20 As shown here, adult T cells responses to E. coli, GBS, and S. epidermidis but not to Lp299v, and NK cell IFN gamma responses to E. coli and GBS were vigorous. In contrast, there were few T-cell responses and no NK IFN gamma responses in the neonatal groups as a whole. The notable exception was the preterm group's production of IL-8 in response to E. coli. Reduced cord blood IFN gamma response has been reported previously. 43 Both in this study and in our monocyte study, we also found that Lp299v had a distinctive activating effect on the term infant IL-12 response. 20 The low adult T-cell responses to LP299v may have been due to tolerance. 44 Karlsson et al reported that Gram-positive bacteria including Lp299v induced greater secretion of IL-12 compared with Gram-negative bacteria in neonates. 45 Although memory CD4 þ and CD8 þ T cells are major cytokine producers in adults, naïve CD4 þ T cells are the predominant producers in cord blood. 46 Memory T cells are the prime producers of IFN gamma in adults, 47 but memory cells have not developed in neonates. We found that more than 50% of individual preterm infants' T cells produced IFN gamma in response to E. coli, GBS, S. epidermidis, and Lp299v. NK cells were also strong producers in some infants. Although the number of preterm infants that produced high-level responses was small, the high responses were dispersed over the whole range of activators and infants.
Because low percentages of all preterm infants' T cells produced IL-10 to the same activators, the proinflammatory responses appeared to be uncompensated. This could have significance for neonatal development. 48, 49 We have reported that term infant monocytes have a reduced anti-inflammatory response to the same bacterial antigens used here, including E. coli, compared with preterm neonates. 20 Here we show that the neonatal T-cell IL-10 response to E. coli was lower compared with adults. Others have shown showed that the proportion of neonatal naive CD4 þ CD45RA þ cells in term infants was inversely correlated with IL-10 response to lipopolysaccharide, suggesting a possible requirement for T-cell maturation in IL-10 production. 50 Because we did not measure secreted cytokines in these studies, we could not compare cytokine outputs across groups. In a previous study, we found a higher level of cytokine secretion in term infants compared with adults. 21 In part, this effect could have been due to the higher absolute number of T cells per volume of diluted whole blood in neonates compared with adults.
Neonates usually have higher absolute numbers of leukocytes due to hemoconcentration at birth, and this has variable effects on the lymphocyte, lymphocyte subset (T, B, NK), and monocyte populations. In contrast, we assessed percentage of defined cell populations here. We excluded the one infant who later proved septic and whose leukocytes (both monocytes and lymphocytes) produced cytokines in the absence of activation and performed a chart review to include any neonate undergoing a sepsis workup as this may be associated with an early self-limited antimicrobial response. 51 Taken as a whole, the studies indicate that the functional response of defined cord blood T cell and NK subsets to whole bacterial antigens suggests the interaction of gestational age and the balance of regulatory subpopulations. The specific role of regulatory subsets and cross talk between monocytes, T cells, and NK cells in cytokine response to bacteria should be explored further.
